Background: Metagenomics is the study of the genomic content of an environmental sample of microbes. Advances in the throughput and cost-efficiency of sequencing technology is fueling a rapid increase in the number and size of metagenomic datasets being generated. Bioinformatics is faced with the problem of how to handle and analyze these datasets in an efficient and useful way. One goal of these metagenomic studies is to get a basic understanding of the microbial world both surrounding us and within us. One major challenge is how to compare multiple datasets. Furthermore, there is a need for bioinformatics tools that can process many large datasets and are easy to use. Results: This article describes two new and helpful techniques for comparing multiple metagenomic datasets. The first is a visualization technique for multiple datasets and the second is a new statistical method for highlighting the differences in a pairwise comparison. We have developed implementations of both methods that are suitable for very large datasets and provide these in Version 3 of our standalone metagenome analysis tool MEGAN. Conclusion: These new methods are suitable for the visual comparison of many large metagenomes and the statistical comparison of two metagenomes at a time. Nevertheless, more work needs to be done to support the comparative analysis of multiple metagenome datasets.
INTRODUCTION
Metagenomics is the study of the genomic content of an environmental sample of microbes. Jo Handelsman coined the term in 1998, so the year 2008 marks the 10th birthday of metagenomics (Handelsman et al., 1998) . As of January 2009, 51 metagenome projects have been completed, 86 are ongoing and there are many new metagenomics projects producing a huge amount of DNA sequences (Bernal et al., 2001) . Advances in the throughput and cost-efficiency of sequencing technology is fueling a rapid increase in the number and size of metagenomic datasets being generated. * To whom correspondence should be addressed.
Researchers are now able to study the DNA of a wider range of microorganisms and genes on a more complete and detailed scale. The basic questions of interest are: which species are present in a given environment, and what types of genes, functions or pathways are present in the DNA or actually active in the sample? As research begins to answer these basic questions, the focus will shift to the comparison of different datasets, because researchers will want to determine and understand the similarities and differences between the metagenomes of different environments.
There are a number of different systems and resources for metagenome or similar analysis, which are offered in the form of databases, web portals, web services and very basic standalone programs (Dutilh et al., 2008; Krause et al., 2008; Lozupone et al., 2006; Markowitz et al., 2006 Markowitz et al., , 2008 McHardy et al., 2006; Meyer et al., 2008; Overbeek et al., 2005; Seshadri et al., 2007; Teeling et al., 2004; von Mering et al., 2007) . These resources are mainly focused on the analysis of individual metagenomes and currently do not have the capacity for rapid and highly interactive comparison of multiple datasets. In our experience, currently only the MG-RAST web server (Meyer et al., 2008; Overbeek et al., 2005) provides a readily useable service for analysis of a new metagenomic dataset. However, while web portals are attractive because they offer large computational resources for data analysis, some scientists have concerns about uploading their unpublished data to a web site.
At the beginning of 2007, we released and published the first publicly available, standalone analysis tool for metagenomic data, called MEGAN (Huson et al., 2007) . We initially developed this tool to analyze the microbial community present in a sample of mammoth bone (Poinar et al., 2006) . To use MEGAN in a typical metagenome project, DNA reads should be collected from the sample using a random shotgun protocol. Next, a sequence comparison of all reads against one or more reference databases is performed using BLAST (Altschul et al., 1990) or a similar comparison tool. MEGAN takes the result as input and produces a taxonomical analysis of the sample, obtained by assigning the reads to different nodes in the NCBI taxonomy using the 'LCA-assignment'. A read often matches more than one database entry, in which case, the LCA-algorithm assigns reads to the lowest common ancestor of the hits. This is a combinatorial algorithm to estimate the taxonomical content of a metagenome based on sequence comparisons. For more details, see Huson et al. (2007) . Additionally, the gene content is analyzed using COGs (Tatusov et al., 1997) . As an exploration tool designed and optimized to run on a laptop, MEGAN allows interactive exploration of metagenomic datasets, both at a high level and also at a very detailed level.
In this article, we introduce some recent extensions to MEGAN that allow the comparative analysis of multiple datasets. Our main aim is to provide a simple but powerful tool that quickly provides an impression of the similarity between multiple datasets and, in a pairwise comparison, highlights taxa for which the number of assigned reads differs in a statistically significant way. We describe these two new techniques and illustrate their use by comparing the content of a obese mouse dataset with a lean mouse dataset (Turnbaugh et al., 2006) , and a soil sample (Tringe et al., 2005) with a marine sample (Rusch et al., 2007) .
METAGENOME COMPARISON
In this section, we present two new contributions aimed at comparing metagenome datasets. We would like to emphasize that any differences detected between two datasets may be due to a number of different factors, such as the sampling protocol employed or the sequencing technologies used, rather than to a true difference in taxonomical content. Hence, one should be careful when interpreting a 'statistically significant' difference in biological terms. In particular, one should avoid comparing datasets obtained using different sequencing technologies or protocols.
First, we describe how to visualize a comparison of multiple datasets. Second, we introduce a statistical approach to perform pairwise comparison of metagenomes.
Comparative visualization
To compare multiple datasets, we define a new multiple-comparison tree view in which an arbitrary number of different datasets are displayed together on a subtree of the NCBI taxonomy. For example, in Figure 1 , we compare six mouse gut and one human gut datasets. In this view, each node in the NCBI taxonomy is shown as a set of 'meters' (pie charts or heat maps are also possible) indicating the number of reads (normalized, if desired) from each dataset that have been assigned to that node, on a logarithmic scale. Moreover, the user can select any node to see the number of assigned and summarized reads. For example, in the figure we have selected Bacteria, the Becteroideses/Chlorobi group and Proteobacteria nodes. An important feature is the ability to collapse or expand the presented tree at different levels of the taxonomy. This allows one to start at a high-level view and then to refine to a low-level comparison. In Figure 1 , the tree is collapsed to the 'Phylum' level. For analysis and publication purposes, it is important to be able to set up and generate different types of summaries interactively using bar and pie charts, and also heat maps for manyway comparisons. A first version of this visualization technique was used for a comparative study of the biomes of two Tasmanian tiger specimens and can be found in Figure 4 of Miller et al. (2009) .
Statistical comparison
To get an impression of how significantly two datasets differ, we introduce the Directed Homogeneity test, which uses basic statistical ideas. The test provides answers to two questions: (i) Is there a significant difference in the proportions of occurrences on a particular node in two datasets? (ii) Is there a significant difference in the distribution of reads among the children of a particular node in two datasets? To answer these questions, we have combined two tests, the up and the down tests, in our Directed Homogeneity test. Both of these (up and down) test proportions.
In the case of the up test, for each intermediate node, we take the proportion of the number of reads at that particular node relative to the number at the parent node for two datasets, and perform a twosample test for equality of proportions with continuity correction. This will help the user to compare the occurrence proportion of the reads at a particular node and at its parent node for two datasets, providing the P-values for each case.
The down test incorporates Pearson's χ 2 -test to compare the distribution of the two datasets on the children of a particular node. Both the up and down parts of the Directed Homogeneity test are implemented in MEGAN 3, and the program uses the two tests to highlight all nodes for which either test asserts a statistically significant difference. To be precise, if the P-value of the up test is below a critical level (e.g. 0.01), then the part of the node that faces the parent will be highlighted, whereas a significant P-value for the down test will result in the part of the node that faces the children being highlighted. The thickness of the highlighting is logarithmically proportional to the significance. When P = 1.0e x , then the thickness is the integer value of 2log x.
Since a large number of tests are being performed during the comparison of two datasets, we face the problem of multiple testing: in a large number of tests, we will see some results that are deemed significant purely by chance. To address this, we have implemented two well-known correction methods, namely the Bonferroni and the Holm-Bonferroni corrections (Holm, 1979; Shaffer, 1995) . It should be emphasized that controlling the family-wise error rate is not always needed, e.g. in more exploratory screening experiments. In other cases, the main aim is to decide wheather the two samples come from different distributions. The overall conclusion that this is indeed the case need not be erroneous even if some of the (sub) null hypotheses are falsely rejected.
A number of recent studies address the problem of within class variability (Baggerly et al., 2003; Lu et al., 2005; Robinson and Smyth, 2007; White et al., 2009 ). However, they make assumptions that are not met in a simple comparison of two datasets, as discussed in this article, and so we do not use them at present.
IMPLEMENTATION
To perform a comparison of multiple datasets using MEGAN 3, first open all datasets. Then select the Compare menu item to generate a new document that contains a comparison of all datasets, using either absolute counts or normalizing over all reads, the latter choice being of interest when the compared datasets are very different in size. The comparison document opens in a new window and the user can then interactively explore the comparison. If only two datasets are compared, the user can turn on the Directed Homogeneity test by selecting the Highlight Differences menu item. The user has the option to choose no correction, Bonferroni or Holm-Bonferroni. In Figure 2 , we illustrate this step-by-step.
EXAMPLES

Obese versus lean mouse
We now illustrate the two techniques using two published mousegut datasets (Turnbaugh et al., 2006) . It is known that obesity Fig. 1 . MEGAN comparative analysis of seven publicly available gut metagenomes, six from mice and one from a human. This is the outcome of drawing nodes as Meters in MEGAN. The scale shows the log value of reads assigned directly to a particular node. The assigned and summarized reads for the Bacteria, the Becteroideses/Chlorobi group and the Proteobacteria nodes are displayed. In MEGAN, the user can select any node to view these numbers.
is associated with changes in the relative abundance of the two dominant bacterial divisions, the Bacteroidetes and Firmicutes (Turnbaugh et al., 2006) . We downloaded two mouse datasets, one from the gut of an obese mouse (687 261 reads), and one from the gut of a lean mouse (1 057 022 reads), as described in Turnbaugh et al. (2006) . After 'blasting' (Altschul et al., 1990) , the two datasets against the NCBI-NR database, we processed the data using MEGAN (default settings), and then applied the Directed Homogeneity test to see whether it picks up a significant difference in the relative abundance of Bacteroidetes and Firmicutes in the two datasets. This is indeed the case, as shown in Figure 3 . From the black highlighting, we can easily see that there is significant difference between these two datasets for both the Babteroidetes/Chlorobi group node and the Firmicutes node. Figure 3 is prepared collapsing the tree at the Class level of Taxonomy. We do not want to choose any multiple testing correction for this figure because using no correction will result maximum number of significant different nodes. The user can further investigate all possible nodes, having significant difference. To inspect any interesting node the user can refine this view to a lower level comparison. For example, let our nodes of interest are the Bacteroidetes/Chlorobi group and the Firmicutes (Fig. 3) , then from Figure 4 (tree collapsed at 'Order' level), we can obtain a detailed overview of the differences in these nodes, as well as the differences among the children of these two nodes in both datasets.
When selecting a node in a comparative view, the number of reads assigned to that node is listed after the key word 'Ass', for each of the datasets. Moreover, the number of the reads assigned to the node, or to any of its ancestors, is listed after the key word 'Sum' for each of the datasets. For example, in Figure 4 exactly 3050 and 4850 reads, respectively, are assigned to the node labeled Firmicutes, whereas the summarized values are 29 722 and 40 739, respectively, for the two datasets. If a comparison is made after normalizing the datasets then these numbers themselves say a lot about the difference between the datasets. This is also applicable for comparing multiple datasets.
Moreover, our statistical method provides one P-value for the uptest and one for the down-test. From the up P-value, we can easily see that the proportional difference in number of reads assigned to the Bacteroidetes/Chlorobi group (UPv = 0.0) and the Firmicutes (UPv = 0.0) is highly significant between the two datasets, whereas the down P-value gives us additional comparative information about the children of these two nodes.
From the down P-value, we can say that the difference in read numbers for the Bacteroidetes/Chlorobi group node (DPv = 2.77E -9) is mostly caused by the difference in read numbers for Bacteroidetes phyla, and the difference for Firmicutes
Step 1: Open and setup the comparison:
The user can open datasets from the "File" menu and make comparisons using the "compare" menu then.
Step 2: In a pairwise comparison, use the "directed homogeneity test" to highlight differences:
The user has the options of meters, pie Charts or heat maps (Layout menu) to visualize a comparison. (DPv = 0.0) is mostly caused by the difference for the Bacilli and Clostridia classes (Fig. 4) . Figure 5 shows the same part of the tree, only the P-values are computed using the Bonferroni correction, which augments the P-values for each particular test based on the number of tests being performed. This correction is used to reduce problems associated with multiple comparisons, but it can significantly increase the risk of committing Type II errors. In Figure 6 , the P-values are computed using the Holm-Bonferroni correction, which is a sequentially rejective procedure. It is less conservative than the Bonferroni correction. Using either of the corrections, the results for the nodes of interest are still significant.
Soil versus Sea study
As a second example, we looked at two highly different metagenome datasets: a set of ∼140 000 reads extracted from a soil sample using Sanger sequencing (Tringe et al., 2005) and a set of ∼150 000 reads of the Global Ocean Survey dataset (Rusch et al., 2007) , also obtained using Sanger sequencing technology. The reads were blasted against the NCBI-NR database and then processed by MEGAN (default settings). We used these to see which differences and/or similarities between these datasets can be detected by our method. We will refer to these as the Soil and Sea datasets. For this experiment, we took 20 random subsamples (with replacement) from both datasets, each containing 20% of the original data. In this way, we got 20 Sea datasets (∼28 000 reads each) and 20 Soil datasets (∼30 000 reads each). We then conducted a Sea versus Sea comparison, a Sea versus Soil comparison and a Soil versus Soil comparison, focusing our attention on particular bacterial nodes, namely Gammaproteobacteria, the Bacteroidetes/Chlorobi group and Firmicutes. Here, all P-values are computed with no correction.
If we take 'a proportional similarity of reads assigned to a particular node between two datasets'as a null hypothesis, then in the Soil versus Soil comparisons and Sea versus Sea comparisons, the up P-values (UPv) lie above the significance level (0.01) in >99% of the cases for all three bacterial nodes (Fig. 7) . Hence, 99% of all cases are consistent with the null hypothesis, that is, we cannot reject the null hypothesis. On the other hand, the up P-value (UPv) is close to zero (less than the significance level 0.01) in >95% cases of the Sea versus Soil comparisons, reflecting a highly significant difference in the proportion of these three bacterial groups, between subsamples. In Figure 7 , white boxes represent the up P-values (UPv) for Gammaproteobacteria, the Bacteroidetes/Chlorobi group and Firmicutes in all three comparisons. Moreover, if we take 'a proportional similarity between distribution of reads among the children of a particular node between two datasets' as a null hypothesis, then in the Soil versus Soil comparisons and Sea versus Sea comparisons, the down P-values (DPv) lie above the significance level (0.01) in >99% of the cases (Fig. 7) . Hence, in 99% of all cases, the datasets are consistent with the null hypothesis that the distribution of reads in the children of the Gammaproteobacteria, of the Bacteroidetes/Chlorobi group and of the Firmicutes is similar in the two datasets (Soil and Sea). For the Soil versus Sea comparisons (Fig. 7) for Gammaproteobacteria and the Bacteroidetes/Chlorobi group nodes, the down P-value (DPv) is close to zero (less than the significant level 0.01) in >99% cases, reflecting a highly significant difference in the distribution of reads among the children of these nodes. For Firmicutes, the down P-values (DPv) are close to zero (less than the significance level 0.01) in only 40% of the cases, reflecting that the distribution of reads is significantly different among the children of this node (Firmicutes) between the two datasets only in 40% of the cases. This may be because Firmicutes are common Gram-positive bacteria present in both marine-and land-based environments (Fierer et al., 2007; Yooseph et al., 2007) . In many cases, the proportional distribution of reads among child nodes of Firmicutes can be similar in different Soil and Sea subsamples. In Figure 7 , gray boxes are representing the down P-values (DPv) for Gammaproteobacteria, the Bacteroidetes/Chlorobi group and Firmicutes in all three comparisons. In the case of Soil versus Sea comparisons, most of the time the values are very close to zero reflecting a highly significant difference between the two subsamples.
This illustrates how the 'Directed Homogeneity test' can provide an initial statistical comparison.
CONCLUSION AND OUTLOOK
Comparative metagenomics is a rapidly growing field. Fast and userfriendly tools are needed to analyze multiple metagenomic datasets. In this article, we have introduced some simple visual comparison techniques and a simple statistical approach for comparing two datasets. These results are implemented in MEGAN 3 and can help users get a first impression of the similarity between multiple metagenomes. Nevertheless, more work needs to be done to support the comparative analysis of multiple metagenome datasets. 
